Previous studies have demonstrated that hypochloremic alkalosis in the dog cannot be repaired unless the diet contains significant quantities of chloride (1, 2) . It has also recently been shown that chloride depletion induced by infusion of sodium nitrate will lead to the development of a metabolic alkalosis that depends on chloride availability for its correction (3) . In this latter study the possible specific effects of nitrate on potassium balance and on renal tubular function have complicated the interpretation of the results.
The present study was undertaken to evaluate the effects of extrarenal depletion of chloride on acid-base and electrolyte equilibrium. Selective removal of hydrochloric acid by gastric drainage has been chosen as the most physiologic means of achieving this goal. In contrast to previous studies (46), the possible effects of other extrarenal deficits have been avoided by replacement of the sodium chloride, potassium chloride, and fluid withdrawn from the stomach each day. The data demonstrate that removal of hydrochloric acid elevates the renal threshold for bicarbonate, accelerates sodium-hydrogen and sodium-potassium exchange, and induces a metabolic alkalosis that can be repaired only when the diet is supplemented by chloride.
Materials and Methods
Seven balance studies were carried out on six healthy female mongrel dogs weighing from 12 to 14 kg. At least 10 days before the beginning of the metabolic study, each animal was subjected to a gastrostomy, and a nylon prosthesis was placed in the stomach at a point approximately 5 cm from the pylorus and 5 cm from the * Submitted for publication December 20, 1963; ac- cepted June 2, 1964. Supported in part by grants HE-00759 and HTS 5309 from the National Heart Institute, U. S. Public Health Service, and by the Samuel Bass Fund for Kidney Research. greater curvature.' A nylon plug was used to prevent leakage of gastric contents. Selective depletion of hydrochloric acid was accomplished in the following manner: In the early morning the fasting animal was given a subcutaneous injection of 25 mg of HistalogT M (betazole hydrochloride).2 Immediately thereafter the plug in the prosthesis was replaced by a plastic bag and the fluid collected for approximately 2 hours. The animal was then fed one-half of its daily ration. After sufficient time for gastric emptying had elapsed (4 to 5 hours), Histalog was again injected, and the stomach was drained for another 2-hour period. The fluid from both periods was then pooled, and the sodium, potassium, and chloride concentrations were determined. The amount of sodium and potassium removed in the gastric juice was returned to the animal by adding an equivalent amount of sodium and potassium chloride to the evening feeding. The diet was also supplemented by a volume of distilled water equal to the volume of gastric juice removed during drainage.
Each animal was fed 30 g per kg of an artificial diet (homogenized with 1.5 times its weight of distilled water), the composition of which has been described previously (1). The intrinsic electrolyte content of the diet was sodium, 1 mEq per 100 g; potassium, less than 0.1 mEq per 100 g; and chloride, 1 mEq per 100 g. The diet was supplemented by 2 mmoles per kg of neutral phosphate (4 HPO4/1 H2PO4), administered as 2.4 mEq per kg of the potassium and 1.2 mEq per kg of the sodium salt. The cation composition of the phosphate supplement was varied during the latter part of the study videe infra).
Each study was initiated by a control period of 6 to 9 days. Detailed balance observations were made over the last 4 or 5 control days. The study was then divided into four periods.
Period I: gastric drainage. Gastric drainage was carried out, as described above, until 5 to 7 mEq of hydrochloric acid per kg of body weight had been removed. A 2-to 4-day period was required for this purpose.
Period II. Balance observations were continued for 6 to 10 days after the gastric drainage had been discontinued. 1 The authors wish to Table II. 2) Chloride, potassium, and sodium (Table I) Protocol B. Sodium chloride (potassium-free intake) and Protocol C. Potassium chloride (sodium-free intake). 1) Acid-base balance. Plasma Period IV: sodium bicarbonate period ( Figure 3 and Table V) Plasma bicarbonate concentration in the four animals rose to an average value of 23 mEq per L. This value, although 6 mEq per L above the lowest point reached during sodium chloride administration, was only 0.5 mEq per L above the average control value. Frank excretion of bicarbonate occurred by the second day in each animal. The mean cumulative potassium balance at the end of the study was -87 mEq and corrected for nitrogen was -128 mEq. It is of interest that in the one animal studied after alkali feeding was stopped (dog 943, which received sodium chloride throughout), plasma bicarbonate concentration promptly fell to a level well below control.
Miscellaneous
There was no significant change in the excretion of phosphate or organic acids throughout the study. Plasma creatinine concentration remained essentially unchanged. Nitrogen balance (Table  I) Changes in creatinine clearance were small, the values falling slightly in three instances and rising slightly in one. The mean change in clearance for the group was -6%. The possible influence of reduction in glomerular filtration rate on plasma bicarbonate concentration has been calculated on the assumption that the absolute rate of bicarbonate reabsorption would have remained constant, in a fashion similar to that observed during acute reduction of flow through the renal arteries (7) . It is apparent that even in the three dogs with slight reductions in clearance, the "predicted" rise in bicarbonate falls far short of the observed rise.
Discussion
The present study demonstrates that selective depletion of hydrochloric acid leads to the development of a sustained metabolic alkalosis in ani-
TABL E VI
Creatinine clearances before and after the induction of alkalosis by gastric drainage mals maintained on a low-chloride diet. In essence, this finding indicates that chloride deficiency induced by extrarenal means leads to an elevation of the renal threshold for bicarbonate.
The events that preceded the establishment of a new steady state are, however, rather complex. During the period of gastric drainage, net acid excretion was suppressed by an amount comparable to the quantity of acid simultaneously lost from the stomach. Nevertheless, extracellular bicarbonate concentration rose by an average of 7 mEq per L. Approximately half of this increment could be accounted for by a concomitant contraction of the extracellular fluid (assuming that the increase in alkali stores was confined solely to the extracellular space). During the drainage period there was a small loss of sodium and of potassium in the urine.
During the postdrainage period acid excretion increased above control levels by an amount that largely offset the renal retention of acid during gastric drainage. The amount of acid lost in the urine during the postdrainage phase was far more than adequate to account for the total alkali simultaneously added to the extracellular fluid.
The above description of the intermediate adjustments in acid-base balance tends to obscure some of the important over-all effects of hydrochloric acid removal that become apparent only when the new steady state is achieved. Thus, 4 to 5 days after the drainage had been discontinued, only one-fifth of the mean rise of 9 mEq per L in plasma bicarbonate concentration could be accounted for by the 0.2-L contraction of extracellular fluid; the remainder of the rise, as well as a comparable rise in tissue alkali stores, could readily be explained by the cumulative gastric and urinary acid deficit of approximately 50 mEq. This interpretation assumes, of course, that the average endogenous acid production during the entire study was not strikingly different from that of the control period, an assumption that cannot be validated with present techniques. However, the magnitude of the abrupt rise in alkali excretion during correction of the alkalosis by sodium chloride suggests that the acid balance data provide a reasonable index of alkali generation.
Regardless of the source of the alkali, the renal threshold for bicarbonate clearly must have been elevated as a consequence of chloride depletion. Since filtration rate, as estimated from exogenous creatinine clearance, was virtually unchanged from control, it can also be concluded that the rate of sodium-hydrogen exchange was markedly accelerated. As has been suggested previously (3), a deficit of reabsorbable anion, i.e., chloride, was likely responsible for the reabsorption of a larger than normal fraction of filtered sodium by exchange for hydrogen.3 The possibility cannot be dismissed, however, that the slight reduction in extracellular fluid volume (average, 0.2 L) induced by chloride depletion blunted the normal postprandial rise in glomerular filtration rate and that such an alteration in renal hemodynamics impaired bicarbonate excretion. This interpretation would imply that the dog requires a postprandial elevation of glomerular filtration rate for the excretion of surplus bicarbonate, a hypothesis for which there is presently no evidence. It is also conceivable that an increase in aldosterone secretion may, in some fashion, have played a role in maintaining an elevated bicarbonate threshold.
The suppression of net acid excretion and the bicarbonate diuresis during the drainage period indicate that the rate of sodium-hydrogen exchange does not immediately rise to an extent sufficient to conserve fully the increased filtered load of bicarbonate, even when there is a concomitant deficiency of chloride. Possibly an initial period of potassium depletion is a prerequisite for full acceleration of sodium-hydrogen exchange (3). It is also possible that the sudden, marked acceleration of sodium-hydrogen exchange required for total reabsorption of the increased filtered load of bicarbonate cannot be achieved in such a short interval. The demand for rapid acceleration would be particularly great when, as in the present experiments, hydrochloric acid was removed quickly and plasma bicarbonate concentration was abruptly increased.4 There are, in fact, other circum-stances in which there is an analogous lag in the acceleration of sodium-hydrogen exchange. For example, after the administration of ammonium chloride there is a considerable initial loss of sodium and potassium, acid excretion rising markedly only after several days (8, 9) . Similarly, in chronic hypercapnia the maximal acceleration of sodium-hydrogen exchange is delayed for at least 2 to 3 days ( 10) .
Regardless of the complex factors considered above, it is clear that HCl depletion, without a concomitant removal of sodium, potassium, or water from the stomach, induces a marked metabolic alkalosis that persists for as long as the intake is kept low in chloride. These findings stand in contrast to the conventional view that some combination of factors, which include extrarenal depletion of sodium, potassium, and volume, and poor renal conservation of potassium in the face of a restricted intake, is responsible for the development of sustained alkalosis after gastric aspiration in both dog and man (4-6, 11, 12). Whether or not man as well as dog can become alkalotic solely as the result of depletion of hydrochloric acid remains to be determined.
The data obtained during the correction phase are in accord with earlier observations that an elevated plasma bicarbonate concentration cannot be restored to normal and that potassium deficiency cannot be fully corrected without the provision of chloride (2, 3) . Just as in previous studies, administration of sodium chloride (and a potassiumfree diet) was accompanied by a substantial reduction in net acid excretion that was more than sufficient to account for the reduction in extracellular bicarbonate stores (2, 3) . Furthermore, when sodium bicarbonate was administered to such potassium-depleted animals, plasma bicarbonate concentration did not rise significantly above control levels; in each instance the urine became alkaline, and there was a prompt bicarbonate diuresis. The correction of alkalosis during administration of a potassium-free diet, and the failure of plasma bicarbonate concentration to rise above control values in potassium-depleted animals given sodium bicarbonate, indicate that potassium deficiency was not the critical factor in maintaining a high plasma bicarbonate concentration during the period of chloride deficiency. Summary Dogs were depleted of hydrochloric acid by twice daily draining their gastric contents and then promptly replacing the sodium chloride, potassium chloride, and water. Throughout the study the animals were fed a diet normal in composition except for a low-chloride content. In each instance removal of hydrochloric acid led to the development of metabolic alkalosis and a small but significant renal loss of potassium and sodium.
During the drainage period renal acid excretion was suppressed, but there was a simultaneous rise in extracellular bicarbonate concentration; approximately half of this rise could be accounted for by a contraction of the extracellular fluid. After drainage had been discontinued, renal acid excretion increased above control levels, and there was a further slight rise in plasma bicarbonate concentration. In the new steady state the total rise in bicarbonate concentration of 9 mEq per L was more than adequately accounted for by the cumulative negative acid balance; the slight contraction of extracellular fluid that existed in the steady state could have explained no more than one-fifth of the increment in bicarbonate concentration.
The persistent elevation of plasma bicarbonate concentration indicates that the renal threshold for bicarbonate was significantly increased. This finding, taken together with the relatively constant creatinine clearance values, provides evidence that the absolute rate of sodium-hydrogen exchange was accelerated. These changes, as well as the acceleration of sodium-potassium exchange, can probably be attributed to a deficiency of reabsorbable anion, i.e., chloride. Administration of sodium chloride (and a potassium-free diet) quickly induced an alkali diuresis and restored normal acid-base balance.
In over-all terms the data indicate that removal of sodium, potassium, and water during gastric drainage is not a prerequisite to the development of metabolic alkalosis; to the extent that cation and water deficits develop they do so as the result of secondary renal adjustments.
